The hypoparathyroidism-deafness-renal (HDR) dysplasia syndrome is an autosomal dominant disorder caused by mutations of the dual zinc finger transcription factor, GATA3. We investigated 21 HDR probands and 14 patients with isolated hypoparathyroidism for GATA3 abnormalities. Thirteen different heterozygous germline mutations were identified in patients with HDR. These consisted of three nonsense mutations, six frameshifting deletions, two frameshifting insertions, one missense (Leu348Arg) mutation and one acceptor splice site mutation. The splice site mutation was demonstrated to cause a pre-mRNA processing abnormality leading to the use of an alternative acceptor site 8 bp downstream of the normal site, resulting in a frameshift and prematurely terminated protein. Electrophoretic mobility shift assays (EMSAs) revealed three classes of GATA3 mutations: those that lead to a loss of DNA binding which represent over 90% of all mutations, and involved a loss of the carboxy-terminal zinc finger; those that resulted in a reduced DNA-binding affinity; and those (e.g. Leu348Arg) that did not alter DNA binding or the affinity but likely altered the conformational change that occurs during binding in the DNA major groove as predicted by a three-dimensional modeling. These results elucidate further the molecular mechanisms underlying the altered functions of mutants of this zinc finger transcription factor and their role in causing this developmental anomaly. No mutations were identified in patients with isolated hypoparathyroidism, thereby indicating that GATA3 abnormalities are more likely to result in two or more of the phenotypic features of the HDR syndrome and not in one, such as isolated hypoparathyroidism.
INTRODUCTION
Inherited forms of hypoparathyroidism may occur as either isolated endocrinopathies with autosomal dominant, autosomal recessive or X-linked recessive transmission, or as part of complex congenital anomalies such as the DiGeorge (MIM no. 188400) (1), Kenny -Caffey (MIM no. 244460) and hypoparathyroidism-deafness-renal (HDR) dysplasia (MIM no. 146255) syndromes (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db=OMIM) (1 -8) . The DiGeorge syndrome, which is characterized by parathyroid hypoplasia, thymic hypoplasia, T-cell mediated immunodeficiency, and cardiac defects, is due to deletions of chromosome 22q11.2 that encompass abnormalities of the T-box transcription factor-1 (TBX1) gene (8, 9) . The Kenny-Caffey syndrome, which is characterized by hypoparathyroidism, short stature, osteosclerosis, cortical thickening of long bones and eye abnormalities, is associated with mutations of the Tubulinbinding chaperone-E (TBCE) gene that is located on chromosome 1q42.3 (5, 10) . The HDR syndrome, an autosomal dominant disorder, is caused by mutations of the GATA3 gene that is located on chromosome 10p15 (3) . GATA3 belongs to a family of dual zinc finger transcription factors that are involved in vertebrate embryonic development. The six mammalian GATA proteins (GATA 1 to 6) share related Cys-X 2 -Cys-X 17 -Cys-X 2 -Cys (where X represents any amino acid residue) zinc finger DNA-binding domains and bind to the consensus motif 5 0 -(A/T)GATA(A/G)-3 0 (11). The C-terminal finger (ZnF2) is essential for DNA binding, whereas the N-terminal finger (ZnF1) helps stabilize this binding and to physically interact with other proteins such as the multi-type zinc finger Friends of GATA (FOG) (11 -13) . The importance of these dual functions of the two zinc fingers has been well illustrated by studies of GATA3 mutations associated with the HDR syndrome. Thus, of the 25 HDR causing GATA3 mutations ( Fig. 1) reported to date, six are whole gene losses, 10 are mutations that disrupt ZnF2 and lead to a loss of DNA binding, two are mutations that disrupt ZnF1and destabilize DNA binding and/or its interaction with FOG2 and seven are deletions/insertions that disrupt both ZnF1 and ZnF2 (3,6,7,13 -18) . To gain further insights into the role of GATA3 mutations in causing the HDR syndrome, we have studied additional HDR patients for GATA3 abnormalities.
RESULTS

GATA3 mutations
DNA sequence analysis of the entire 1332 bp coding region together with the associated splice sites, and 5 0 and 3 0 untranslated regions of the GATA3 gene from each of the 21 probands with HDR (Table 1 ) revealed the presence of 13 different heterozygous mutations; 11 of these mutations are novel and two, an intragenic insertion at codon 135 and a nonsense mutation at codon 277, have been previously identified (3, 17) in unrelated families ( Fig. 1 and Table 2 ). Thus, three of the mutations were nonsense mutations, six were frameshifting deletions, two were frameshifting insertions, one was a missense mutation ( Fig. 2) and one was an acceptor splice site mutation (Fig. 3) . The occurrence of the three nonsense mutations (Gln22Stop, Gly248Stop and Arg277Stop), two of the frameshifting mutations, which involved codons 144 and 407, and the missense mutation (Leu348Arg) were confirmed by restriction endonuclease analysis ( Fig. 2 and Table 2 ). The occurrences of the remaining seven mutations, which were not associated with altered restriction endonuclease sites, were confirmed by repeat DNA sequence analyses. The absence of all of these DNA sequence abnormalities in 110 alleles from 55 unrelated normal individuals indicated that these 13 abnormalities were mutations and not functionally neutral polymorphisms that would be expected to occur in .1% of the population. The missense mutation (Leu348Arg), which was detected in the proband from family 8.2/04
266
Human Molecular Genetics, 2007, Vol. 16 , No. 3 (Table 2) , was demonstrated to be absent in both parents and was hence found to be arising de novo (Fig. 2 ). This novel Leu348Arg mutation involves a residue that is evolutionary conserved in man, mouse, rat and zebrafish (Ensembl database; www.ensembl.org, www.ebi.ac.uk/clustalw/) and is thus likely to be of significance. None of the 14 patients with isolated hypoparathyroidism was found to harbor GATA3 mutations. All of the 13 GATA3 mutations, which occurred in exons 2-6 ( Fig. 1) , predict structurally significant changes (Table 2) . Thus, the three nonsense mutations Gln22Stop, Gly248Stop and Arg277Stop, the five frameshift deletions occurring in codons 135, 144, 164, 236 and 295/296 and the frameshift insertion occurring at codon 135 are predicted, if translated, to have truncated GATA3 proteins that lack both ZnFs. These mutations are likely to result in a loss of DNA binding, as has been demonstrated for other such GATA3 mutations (13, 19) . The frameshift deletion occurring in codon 355 is predicted to lead to a truncated GATA3 protein that lacks the C-terminal region adjacent to ZnF2. These mutations are also likely to result in a loss of DNA binding, as has been demonstrated for other such GATA3 mutations, e.g. Arg367Stop, and a frameshift deletion involving codon 355 (13) . However, the effects of: the missense mutation Leu348Arg which involves substitution of a highly conserved, neutral hydrophobic amino acid leucine for a basic, hydrophilic residue arginine; the frameshift insertion occurring in codon 407 (407 ins C) which predicts the occurrence of 98 missense residues and hence an elongated protein of 506 amino acids; and of the mutation involving the invariant ag dinucleotide of the consensus acceptor splice site at the intron 5/exon 6 boundary, are more difficult to predict and these were investigated further. mRNA splicing abnormality due to acceptor splice site mutation
The acceptor splice site mutation is likely to result in abnormal processing of mRNA, and we investigated this using total RNA obtained from Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines that had been established from the HDR patient of family 8/05 (Table 2 ) and an unrelated normal individual. The a nucleotide at position 22 together with the Figure 1 . Schematic representation of the genomic structure of the GATA3 gene illustrating the locations of mutations identified in HDR patients. The human GATA3 gene consists of six exons, spanning 20 kb of genomic DNA and encodes a 444-amino acid transcription factor that contains two transactivating domains (TA1 and TA2) and two zinc fingers (ZnF1 and ZnF2). The sizes of exons 1, 2, 3, 4, 5 and 6 are 188, 610, 537, 146, 126 and 806 bp, respectively. The ATG (translation start) and the TAG (Stop) sites are in exons 2 and 6, respectively. The locations of the 13 HDR mutations identified by the present study are shown (letters a to m) which correspond to the mutations detailed in Table 2 , together with 19 previously reported mutations numbered 1 to 19 (3, (13) (14) (15) (16) (17) (18) . In addition, six whole gene deletions (del) have been previously reported (3, 14) . This yields a total of 38 GATA3 abnormalities in HDR patients. Sixteen of the 38 HDR mutations, which affect the region encompassing the two zinc fingers and the adjacent C-terminal region, are further detailed above in the amino acid sequence, in which every tenth amino acid is numbered. The amino acids altered by the 16 HDR mutations are highlighted in black. fs, frameshift; inf, inframe.
g nucleotide at position 21, of the acceptor splice consensus sequence are invariant in eukaryotic sequences (20) and mutations involving these invariant sequences have been previously reported (13, 21, 22) . Such studies have revealed that mutations in the acceptor splice site regions may be associated with an accumulation of unspliced precursor mRNA, retention of incompletely spliced precursors, complete absence of transcripts or the appearance of aberrantly processed mRNA from the use of alternative normally occurring splice sites or cryptic splice sites (13,21 -24) . To investigate these possibilities, we examined GATA3 mRNA processing by the detection of its transcription in EBV-transformed lymphoblastoid cell lines (Fig. 3 ). This revealed, in addition to the wild-type product, the presence of an aberrantly processed mRNA. DNA sequence analysis of the mutant GATA3 product revealed that the mutation had lead to utilization of an alternative acceptor splice site that had resulted in a loss of 8 nucleotides from the mRNA. This would lead to a frameshift that, if translated, would produce a missense peptide with a termination at codon 367. This abnormality of mRNA processing, which results from a mutation at position 22 of the acceptor splice site consensus sequence, is identical to that associated with another HDR mutation in which there was a g to t transversion involving position 21 of the same acceptor splice site (13) . Moreover, these two studies utilized different methods to demonstrate the mRNA processing abnormalities. Thus, the present study investigated for endogenous GATA3 transcription in EBVtransformed lymphoblastoid cell lines from an HDR patient and a normal individual (Fig. 3) , whereas the previous study (13) investigated for GATA3 transcription in COS-1 cells that had been transiently transfected with either wild-type or mutant mini-GATA3 gene constructs. Both of these independent Figure 1 and Table 2 , respectively. NF, mutation within coding region and splice sites not found. 
DNA-binding studies of Leu348Arg and 407 ins C GATA3 mutants
The Leu348Arg mutation is located 6 residues away from ZnF2 ( Fig. 1 ) and the 407 ins C does not disrupt ZnF2 or its adjacent C-terminal basic region. As the previously reported nonsense mutation, Arg367Stop, and two frameshift mutations involving codons 351 and 355 have been shown to lead to a loss of DNA binding (13), we decided to investigate these two GATA3 mutations for alterations in DNA binding by the use of EMSA. The Leu348Arg and 407 ins C GATA mutants were initially assessed for altered DNA binding by EMSAs (Fig. 4 ), using nuclear extracts from COS-7 cells transfected with either wild-type or mutant GATA3 constructs. This revealed that the 407 ins C mutation resulted in a loss of DNA binding, but that the Leu348Arg mutant retained DNA binding (Fig. 4) , despite being in close proximity to ZnF2 (Fig. 1) . It is also interesting to note that the expression of the 407 ins C GATA3 mutant protein was markedly reduced when compared with that of the wild-type (Fig. 4 ) and this suggests that the larger mutant GATA3 protein may be less stable. This is in agreement with previous studies (25) of GATA1 mutant proteins, which have been shown not to accumulate in vitro to the levels observed for wild-type proteins. Indeed some GATA1 deletions appeared to be associated with increased sensitivity of the translated protein to endogenous proteases. These results are also in agreement with other studies of GATA1 binding (25, 26) which showed that ZnF2 peptides truncated at Arg298 and Thr304 (equivalent to GATA3 Lys358 and Thr364) lost DNA binding, whereas a peptide truncated at Ser310 (equivalent to GATA3 Ser370) retained DNA binding. Within this interval lies a conserved QTRNRK motif (Fig. 5) , which is located in the minor groove and is important for DNA binding. Although this QTRNRK motif is retained in the 407 ins C mutant GATA3 protein, it nevertheless seems possible that the large C-terminal extension in this mutant GATA3 protein may sterically interfere with DNA binding. Thus, a loss of DNA binding together with a decreased stability of the mutant GATA3 protein is likely to be contributing to the haploinsufficiency causing HDR in this patient with the 407 ins C mutation. The Leu348Arg GATA3 mutant was further assessed for alterations in the affinity of DNA binding by utilizing a dissociation EMSA. This revealed that the Leu348Arg GATA3 mutant had the same DNA-binding affinity as the wild-type GATA3 protein. The addition of GATA3 antibody to the reaction mix resulted in the detection of a higher molecular weight band, thereby confirming the presence of GATA3 protein in the complex (Fig. 4) . Thus, these results indicate that the Leu348Arg GATA3 which occurs in an HDR patient (Fig. 2) , is not associated with altered DNA binding or a change in the affinity of DNA binding. 
HDR phenotypes and GATA3 mutations
GATA3 mutations were found in 20 of the 29 HDR patients (Tables 1 and 2 ) but in none of the 14 patients with isolated hypoparathyroidism. The results of this study were pooled with those of our three previous studies (3, 13, 15) , from which detailed clinical data were available for an analysis of the phenotypes associated with GATA3 mutations. This yielded data from 63 individuals that consisted of 40 with GATA3 mutations and 23 without GATA3 mutations (Table 3 ). This revealed that .90% of patients with the three cardinal clinical features of the HDR syndrome had GATA3 mutations, but that ,65% of patients with hypoparathyroidism and deafness had GATA3 mutations (Table 3) . None of the 14 patients with isolated hypoparathyroidism had GATA3 mutations. These results indicate that GATA3 mutations are most likely to result in patients having two or three of the phenotypic manifestations of HDR, but not in isolated hypoparathyroidism.
DISCUSSION
Our results, which have identified 13 different mutations of the GATA3 gene (Table 2 ) in 13 of the 21 probands and their families, expand the spectrum of mutations and help further establish the role of GATA3 haploinsufficiency in the aetiology of this developmental disorder. However, it is important to note that such GATA3 mutations involving the coding region and adjacent splice sites were not detected in eight of the 21 probands (Tables 1 and 2 ). It remains possible that these patients may harbor mutations in the regulatory sequences flanking the GATA3 gene, or involve deletions of the whole gene or complete exons, or else they may represent genetic heterogeneity. Moreover, it is interesting to note that seven of these eight patients do not have renal abnormalities, and it thus seems likely that GATA3 mutations are likely to be (Tables 1 and 2 ) revealed an a to g transition at the 22 position, which resulted in an alteration of the invariant ag acceptor splice site. Analysis of 110 alleles from 55 unrelated normal individuals revealed the presence of the normal ag acceptor splice site and an absence of the gg sequence thereby indicating that the a to g transition at position 22 was not a common sequence polymorphism (data not shown) but a likely mutation that would alter mRNA splicing. In addition, an examination of the DNA sequences of codons 351-353 revealed another naturally occurring, but normally unused acceptor splice site sequence (ncag) (24, 40) . Exonic sequence (upper case) and intronic sequence (lower case). (B) The effects of the likely mutation were investigated by RT-PCR, using RNA obtained from EBV-transformed lymphoblastoids of the proband (P 8/05 ) and a normal subject (N 1 ). Only one RT-PCR product (342 bp) was obtained from the normal individual, but two products (342 and 334 bp) were obtained from the HDR patient. The positions of the size markers (S, 100 bp ladder) are indicated. þ, with AMV reverse transcriptase; 2, without AMV reverse transcriptase; B, control water blank, i.e. no RNA used. (C) DNA sequence analyses of the RT-PCR products confirmed correct splicing in the normal (WT) individual and revealed that the mutation at position 22 of the acceptor splice site in P 8/05 lead to splicing of exon 5 to an internal site in exon 6 that resulted in a new sequence, which encoded a missense peptide with a premature termination at codon 367. Thus, the mutation resulted in utilization of an alternative, naturally occurring, but normally non-utilized, acceptor splice site sequence. highly penetrant and result in phenotypic manifestations involving the parathyroids, kidneys and hearing loss (Table 3 ). This would be consistent with the decreased frequency of such mutations in patients with involvement of two of the three organs and with the absence of GATA3 mutations in patients with isolated hypoparathyroidism. We did not undertake similar studies in patients with non-syndromic deafness or isolated renal dysplasia as these disorders are common and have been reported to be due to mutations in several genes that include GJB2/connexin 26 (27, 28) , and PAX2 and Uroplakin III (29, 30) , respectively. Thus, our analysis indicates that in the clinical setting, a search for GATA3 mutations would be worthwhile mainly in patients with either two or three, of the phenotypic manifestations of the HDR syndrome, but not in those with only one of the clinical features. The majority, i.e. .90% of the 13 GATA3 mutations (Table 2) identified by this study are predicted to result in truncated forms of the protein, and this is consistent with the findings of previous studies (3, 13, 14) . Indeed, of the total of 38 GATA3 mutations reported to date (Fig. 1) , 65% are truncating mutations (i.e. nonsense, frameshift deletions, frameshift insertions, or involving a splice site), 16% are gene deletions, 3% involve an in-frame deletion and 16% are missense mutations. These GATA3 mutations can also be divided broadly into three classes, based upon their functional consequences with respect to alterations in DNA binding. The first class is represented by those mutations that lead to a loss of DNA binding, and this contains the majority (92%) of mutations that result in truncated or deleted forms of GATA3 which lack ZnF2 (Fig. 1) (3,13,14,16 -18 ). The codon 407 ins C, although it contains ZnF2, would also belong to this class as it results in a loss of DNA binding (Fig. 4) . The second class is defined by a loss of DNA-binding affinity, and is represented by one HDR associated missense mutation, Arg276Pro (15) . This mutant GATA3 which involves ZnF1, binds to DNA, but with a reduced affinity such that it rapidly dissociates from the bound DNA when compared with the wildtype GATA3 (15) . The third class is characterized by normal DNA binding with normal affinity and is represented by two HDR associated missense mutations, Trp275Arg and Leu348Arg (Figs 2 and 4) . The Trp275Arg involves ZnF1 and leads to a loss of interaction with FOG2 (13), whereas the Leu348Arg mutation identified in this study (Fig. 2) does not involve ZnF1 or ZnF2 but instead is located six residues, in the C-terminal direction, away from ZnF2 (Figs 1 and 5 ). This Leu348Arg GATA3 mutation, which arises de novo in the HDR patient (Fig. 2) is unusual in being in this class, particularly as three nearby truncating mutations involving codons 351, 355 and 367, which leave the ZnF2 intact, have been reported to result in a loss of DNA binding and thereby belong to the first class (13) . These mutations, which are located in the basic region result in the loss or partial loss of the conserved QTRNRK motif, which, in GATA1 has been shown to be vital for high affinity recognition of the GATA motif (26, 31) and is found in the region of the GATA protein that lies in the DNA minor groove. As this motif is absolutely conserved in GATA3, it seems highly probable that it plays the same role in GATA3 (Fig. 5) . The Leu348Arg mutant, however, does not disrupt this domain, and the affinity of binding of this mutant GATA3 molecule is unimpaired (Fig. 4) . In contrast, Leu348 is found at the end of an a-helix linking ZnF2 and the C-terminal basic domain; ZnF2 makes contact with the DNA in the major groove whereas the Cterminal basic domain makes contact with the DNA minor groove (31) (Fig. 5) . Hence, the Leu348 residue lies within Figure 4 . Analysis of DNA-binding properties and subcellular localization of Leu348Arg (L348R) and 407ins C GATA3 mutant proteins. (A), Western blot analysis of nuclear and cytoplasmic extracts from COS-7 cells transfected with either the wild-type (WT) or mutant GATA3 (L348R or 407ins C) constructs. This revealed that the WT and mutant GATA3 proteins were predominantly located in the nucleus. The expected 49 kDa WT and L348R GATA3 proteins were observed, while the 407ins C mutation was found to result in a protein with a higher molecular mass of 55 kDa and consistent with it being an elongated missense peptide of 506 residues. Antibodies against the nuclear protein lamin, and cytoplasmic protein a-tubulin, were used to assess the quality of subcellular preparations. (B), DNA binding of mutant GATA3 proteins was assessed using EMSA where nuclear extracts were incubated with a radiolabeled ( 32 P) double-stranded oligonucleotide containing the GATA consensus DNA sequence. Control binding reactions using untransfected (UT) cells and the oligonucleotide alone (OA), i.e. without nuclear extract, were performed. The WT GATA3 bound to double-stranded (ds) DNA and the specificity of binding to the GATA motif was confirmed with competition in the presence of 100-fold excess of unlabeled specific oligo (S) or mutant oligo (M) in which the GATA site was abolished. Supershift assay with GATA3 antibody (Ab) further confirmed the presence of GATA3 in the protein-DNA complex. The L348R mutant bound to DNA, while the 407ins C mutant resulted in a loss of DNA binding. (C), The stability of DNA binding of the L348R mutant was studied using a dissociation shift assay in which unlabeled dsDNA was added and the effect on binding of GATA3 to the radiolabeled dsDNA measured over a time course of 60 min by autoradiography. The L348R mutant dissociated from DNA at the same rate as WT protein indicating that the mutation does not affect the stability of binding to DNA.
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Human Molecular Genetics, 2007, Vol. 16, No. 3 the DNA major groove and makes contact with DNA at the point where the GATA motif is found. Within the major groove, the specific interactions that occur between GATA1 and DNA have been shown by solution nuclear magnetic resonance (NMR) studies (26) to be mainly hydrophobic in nature. Thus, the replacement of the non-polar leucine residue with the larger polar arginine residue might have been predicted to have a significant effect on DNA binding, particularly as the linker section between ZnF2 and the QTRNRK motif is not in itself sufficient for DNA binding (26) . However, our results show that the Leu348Arg mutation has no effect on the affinity of DNA binding (Fig. 4) and the mechanism may possibly involve a conformational change. For example, GATA1 bends DNA upon binding (32) and solution NMR studies of the C-terminal finger of GATA1 have shown that binding to its cognate DNA sequence results in bending of the DNA by an overall angle of about 158 (31) . This kink probably results from the insertion of the C-terminal basic residues required for DNA binding (25, 26) into the minor groove. Thus, the Leu348Arg mutation may affect the conformational changes that GATA3 binding induces in the DNA helix and is likely to impair efficient transcription from GATA3 regulated genes important in parathyroid, kidney and inner ear development. These results expand the spectrum of HDR associated GATA3 mutations and also increase our understanding of mechanisms by which GATA3 mutations cause the HDR syndrome.
MATERIALS AND METHODS
Patients
Thirty-eight individuals (15 males and 23 females) from 21 unrelated families with HDR were ascertained. The families were from Europe, North America, Turkey, Israel and Australia. Twenty-nine individuals (10 males and 19 females) were affected with HDR and nine individuals (five males and four Figure 5 . Three-dimensional structure of the human GATA3-ZnF2 based on the chicken GATA1 ZnF2. Human GATA3, which consists of 444 amino acids and human GATA1, which consists of 413 amino acids, belong to the same subfamily (11) and share structural similarities that include two ZnFs ( Fig. 1 ) and a basic amino region that is located C-terminally and adjacent to ZnF2 (13) . (A) Human GATA3-ZnF2 (residues 318 to 343) and its adjacent C-terminal region (residues 344 to 378) has 78% identity and 93% similarity to the chicken GATA1-ZnF2 (residues 164 to 189) and the adjacent C-terminal region (residues 190 to 224). The conserved QTRNRK motif, which has been shown to be important for high affinity recognition of the GATA motif (26, 31) , is underlined. (B) The threedimensional structure of chicken GATA1-ZnF2 and the adjacent C-terminal region has been characterized (31) , thereby enabling us to use this to construct a three-dimensional model of hGATA3-ZnF2 and its adjacent basic amino-acid region. The backbone is shown in dark magenta; hydrophobic side chains as grey; polar side chains as magenta; acidic side chains as red; and basic side chains as blue. The antiparallel DNA strands are shown in orange and green, with the G, A, T and A nucleosides shown. The Leu 348 residue lies at the end of an a-helix (red) which resides within the DNA major groove (dashed line), and makes contact with DNA at the point where the GATA motif is found. (C) The Leu 348 mutation results in the substitution of a non-polar hydrophobic Leu residue for a positively charged larger Arg residue, and this is likely to affect conformational changes in the DNA double helix and thereby alter transcriptional activity. The minor groove is indicated by the dotted line. The color scheme derives from the Corey, Pauling, Koltun (CPK) color scheme as follows: Hydrophobic ¼ carbon; acidic ¼ oxygen; basic ¼ nitrogen; polar but uncharged ¼ a mixture of oxygen (red) and nitrogen (blue), namely magenta and beta strands are shown in yellow. (Table 1) . Bilateral sensorineural deafness was found in 24 patients (eight males and 16 females) with the age at diagnosis ranging from at birth to 38 years. Renal abnormalities were found in 15 patients (four males and 11 females), of whom seven had hypoplastic kidneys, two had unilateral renal agenesis and two had developed end-stage renal failure. Fourteen patients (10 males and four females) with childhood onset of isolated hypoparathyroidism (clinical data not shown) were also ascertained; six of these patients had a history of familial isolated hypoparathyroidism.
DNA sequence analysis of the GATA3 gene
Venous blood was obtained after informed consent, as approved by the local ethical committee, and used to extract leukocyte DNA (13) . Nine pairs of GATA3 specific primers were used for polymerase chain reaction (PCR) amplification of the six exons and 10 intron -exon boundaries using 50 ng of genomic DNA as described (13) . The DNA sequences of both strands were determined by Taq polymerase cycle sequencing and resolved on a semi-automated detection system (ABI 377XL sequencer, Applied Biosystems, Foster City, CA, USA) (13). DNA sequence abnormalities, which were confirmed by restriction endonuclease analysis or by repeat sequence analysis, were demonstrated to be absent in the DNA obtained from 55 unaffected unrelated individuals, using methods previously described (13) .
Reverse transcriptase -polymerase chain reaction (RT -PCR) studies
RT -PCR was utilized to investigate mRNA splicing abnormalities, using total RNA extracted from EBV-transformed lymphoblastoid cell lines from the proband of family 8/05 (Tables 1 and 2 ) and an unrelated normal individual, as previously described (13, 23) . RT -PCR was performed using GATA3-specific primers; the forward and reverse primers consisted of the sequences: 5 0 AGATGGCACGGGACAC-TACC 3 0 (nucleotides 831 to 850 in exon 4); and 5 0 GAGCTGTTCTTGGGGAAGTCC 3 0 (nucleotides 1152 to 1172 in exon 6), respectively. The DNA sequences of the purified RT -PCR products were then determined using methods previously reported (13, 33) .
Protein preparation and EMSAs
COS-7 cells, which do not endogenously express GATA3, were transfected using lipofectAMINE Plus (Invitrogen, Carlsbad, CA, USA) with either a wild-type GATA3 construct prepared in pcDNA3.1 (GATA3-pcDNA3) (Invitrogen) or a construct harboring the mutation that was introduced by the use of site-directed mutagenesis (QuikChange, Stratagene, La Jolla, CA, USA), as previously described (3, 13) . Forty eight hours post-transfection, the cells were harvested, lysed and fractionated into nuclear and cytoplasmic extracts using NE-PER kit (Pierce). Western blot analysis using the HG3-31 monoclonal antibody against GATA3 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used to detect the presence of GATA3 protein in the cell fractions (13) . Antibodies against lamin and a-tubulin were used to assess the quality of the subcellular fraction preparations. Nuclear protein extracts (5 mg) were used in binding reactions that utilized a 32 P-labeled double-stranded oligonucleotide that contained GATA3 consensus sequences (5 0 -cacttgataacagaaagtgataactct) or mutated sequences (5 0 -cacttctataacagaaagtcttaaactct). The binding reactions were resolved by non-denaturing 4% polyacrylamide gel electrophoresis (PAGE). For dissociation shift assays, unlabeled competitor DNA was added to a 100-fold excess to the binding reactions, and aliquots were removed after 0, 10, 30 and 60 min for non-denaturing PAGE (34, 35) . To confirm the presence of GATA3 in the complex, a supershift assay with GATA3 antibody was performed (36) .
Computer modeling of GATA3 ZnF2 structure
The evolutionary conservation of GATA3 residues and their homologies between other GATA factors were examined by using an online multiple sequence alignment (Clustal W, http://www.ebi.ac.uk/clustalw/). The sequence data were obtained from the NCBI database (http://www.ncbi.nlm.nih. gov/). The three-dimensional NMR structure of chicken GATA1 ZnF2 has been reported (37) , and because the Cterminal fingers of GATA1 and GATA3 are over 80% identical and have more than 90% similarity, we modeled the position of the GATA3 mutant Leu348Arg, identified in the proband from family 8.2/04 (Table 2) , on this framework. The three-dimensional structure of GATA1 C-terminal is archived in the Protein Data Bank at the European Bioinformatics Institute, (http://rutgers.rcsb.org/pdb/index.html) with the accession number 3GAT and this was visualized using the Chime program (MDL Information Systems Inc., San Leandro, CA, USA) as described (13) .
Statistical analysis
The HDR phenotype data from this study were pooled with those of our three previous studies (3, 13, 15) from which detailed clinical information was available, to undertake an analysis of an association between the phenotypes and the presence or absence of GATA3 mutations. Statistical analysis that utilized the x 2 test was performed using the Georgetown Linguistics Chi Square Tutorial (http://www.georgetown. edu/faculty/ballc/webtools/web_chi_tut.html) as previously described (38, 39) .
